Background Carpal tunnel syndrome (CTS) is the most commonly diagnosed compression neuropathy of the upper extremity. Current AAOS recommendations are to obtain a confirmatory electrodiagnostic test in patients for whom surgery is being considered. Ultrasound has emerged as an alternative confirmatory test for CTS; however, its potential role is limited by lack of adequate data for sensitivity and specificity relative to electrodiagnostic testing. Questions/purposes In this meta-analysis we determined the sensitivity and specificity of ultrasound in the diagnosis of CTS. Methods A PubMed/MEDLINE search identified 323 articles for review. After applying exclusion criteria, 19 articles with a total sample size of 3131 wrists were included for meta-analysis. Three groups were created: a composite of all studies, studies using clinical diagnosis as the reference standard, and studies using electrodiagnostic testing as the reference standard. Results The composite sensitivity and specificity of ultrasound for the diagnosis of CTS, using all studies, were 77.6% (95% CI 71.6-83.6%) and 86.8% (95% CI 78.9-94.8%), respectively. Conclusions The wide variations of sensitivities and specificities reported in the literature have prevented meaningful analysis of ultrasound as either a screening or confirmatory tool in the diagnosis of CTS. The sensitivity and specificity of ultrasound in the diagnosis of CTS are 77.6% and 86.8%, respectively. Although ultrasound may not replace electrodiagnostic testing as the most sensitive and specific test for the diagnosis of CTS given the values reported in this meta-analysis, it may be a feasible alternative to electrodiagnostic testing as the first-line confirmatory test.
Introduction
CTS is the most commonly diagnosed compression neuropathy of the upper extremity, with 500,000 decompressions performed annually in the United States and an estimated $30,000 lifetime cost for each injured worker [8, 11] . The incidence of CTS in the United States has been estimated at one to three cases per 1000 subjects per year, with a prevalence of approximately 50 cases per 1000 subjects [11] . CTS has a prevalence of 5% in the general population [14] , and more than 3.8 million patients were seen by physicians regarding CTS in 2003 [11] .
The recent AAOS Clinical Guidelines define CTS as a symptomatic compression neuropathy of the median nerve at the level of the wrist characterized physiologically by evidence of increased pressure in the carpal tunnel and decreased function of the nerve at that level [11] .
Recommendations include obtaining confirmatory electrodiagnostic testing (EDX) in patients for whom surgery is being considered [11] . However, EDX is uncomfortable for patients, time consuming, and expensive (EDX is nearly twice as expensive as ultrasound at our institution). Studies also have questioned the value added by EDX in the diagnosis of CTS when compared with clinical diagnosis alone [6] , and EDX studies are normal in 16% to 34% of patients with clinically defined CTS [9, 13, 29] .
The current gold standard for the diagnosis of CTS [6, 7, 11] is a topic of debate. EDX traditionally has been used as the confirmatory test for the diagnosis of CTS; however, ultrasound has garnered interest as an alternative diagnostic test for CTS [2, 5, 12-14, 17, 22, 24, 27] . Studies have used either EDX [4, 15, 25, 28, 32] or clinical diagnosis [4, 12, 14, 15, 30] as the reference standard when determining the sensitivity and specificity of ultrasound in the diagnosis of CTS. The cutoff point used for determining abnormality in the measurement of nerve conduction is highly variable, making comparison between studies difficult [14] .
Ultrasound has a sensitivity of as much as 94% and a specificity of as much as 98% for diagnosis of CTS, when measuring the cross-sectional area of the median nerve at the inlet of the carpal tunnel [3, 4, 15, 16, 25, 30, 32] . The cross-sectional area of the median nerve at the inlet of the carpal tunnel (at the level of the pisiform) is the most sensitive and specific ultrasound finding in patients with CTS [20, 28] . The wide variation of sensitivities and specificities reported in the literature has prevented meaningful analysis of ultrasound as a screening or confirmatory tool in the diagnosis of CTS. Although ultrasound may not replace EDX as the gold standard test for confirming the diagnosis of CTS, it may replace EDX as the first-line test depending on the cross-sectional area value chosen by the investigator.
Some studies have assumed the superiority of EDX over ultrasound for confirmation of a clinical diagnosis of CTS. However, a prospective analysis by Witt et al. [29] found nerve conduction studies to be normal in 25% of cases of clinically suspected CTS. Jablecki et al. [10] , in a review of EDX for the American Association of Electrodiagnostic Medicine, found EDX missed the diagnosis of CTS in 16% to 34% of patients with clinically defined disease. EDX and ultrasound are highly operator dependent. These studies confirm the need to continually search for a better confirmatory test and emphasize the diagnostic gap between ultrasound and EDX is narrower than some might think.
In this meta-analysis, we attempt to answer the following questions: What are the sensitivity and the specificity of ultrasound for the diagnosis of CTS in the following three scenarios: (1) using all studies regardless of reference standard; (2) using all studies with EDX as the reference standard; and (3) using all studies with clinical diagnosis as the gold standard.
Search Strategy and Criteria
A PubMed/MEDLINE search was conducted using MeSH keywords ''carpal tunnel syndrome'' and ''ultrasonography''; a keyword search using ''carpal'' and ''tunnel'' and ''ultrasound''; and a keyword search using ''median nerve'' and ''ultrasonography.'' The references of all articles included in the meta-analysis also were reviewed for additional relevant articles. We identified 323 articles for review ( Fig. 1 ). Articles were included in the meta-analysis if they reported the sensitivity and specificity of ultrasound in the diagnosis of CTS using either clinical diagnosis or EDX as the reference standard. EDX is defined as electromyography (EMG), nerve conduction studies (NCS), or a combination of the two. Studies were not included or excluded based on the type of EDX testing performed. Exclusion criteria included articles not published in the English language and review articles and studies that did not report sensitivity and specificity data. We excluded 267 articles based on a title review that determined the article did not address ultrasound of the median nerve in the diagnosis of CTS. We then excluded 29 review articles and eight duplicate articles. An additional eight articles were excluded after full article review revealed complete sensitivity and specificity data were not published. Application of the exclusion criteria left 19 articles to be included in the meta-analysis ( Table 1 ). The studies included in the meta-analysis used a heterogeneous set of criteria to define positive EDX testing, including motor and sensory latencies and NCS findings. The studies also used heterogeneous criteria to define a cutoff value (mm 2 ) for a positive ultrasound. Nearly all of the studies included in the meta-analysis excluded patients with diabetes, pregnancy, and other systemic disorders. The sensitivity, specificity, and likelihood ratios with 95% CIs were calculated separately for each study. Sensitivity indicates the true-positive rate and specificity indicates the true-negative rate. Sensitivity and specificity are characteristics of the diagnostic test and are not influenced by the incidence of the outcome. The positive likelihood ratio indicates the true-positive rate divided by the false-positive rate and the negative likelihood ratio indicates the true-negative rate divided by the falsenegative rate. Likelihood ratios are useful in calculating post-test probabilities in the clinical setting.
A weighted random effects model was used to calculate composite sensitivity, specificity, and likelihood ratios from the combined studies. The weights applied to the analysis were based on the different sample sizes of the included studies. A random effects model was chosen to accommodate significant heterogeneity among the results of the individual studies (I 2 = 93.7; p \ 0.001). The weighted random effects composite sensitivity, specificity, and likelihood ratios were calculated along with 95% CIs.
Results
The composite pooled sensitivity and specificity ( Table 2) of ultrasound for the diagnosis of CTS were 77.6% (95% CI 71.6%-83.6%) and 86.8% (95% CI 78.9%-94.8%), respectively. These values represent the pooled sensitivity and specificity of all articles included in the meta-analysis, regardless of the reference standard used. The 19 articles included in the meta-analysis had a total sample size of 3131 wrists for analysis (Table 1) . Forest plots, which graphically show the sensitivity (Fig. 2) and specificity ( Fig. 3) , with 95% confidence intervals for each study and the composite sensitivity ( Fig. 2) and specificity ( Fig. 3) , respectively, with 95% confidence intervals are shown. The size of the symbol reflects the sample size of each study and of the combined results. The sensitivity reported in these studies ranged from 57% to 98% and the specificity ranged from 63% to 100%. All studies included in the meta-analysis were prospective case series. Eight studies, with 1039 wrists, used clinical diagnosis as the reference standard. The definition of a positive clinical diagnosis was based on constellations of signs and symptoms, which varied among studies. The pooled sensitivity and specificity using clinical diagnosis as the reference standard were 77.3% (95% CI 62.1%-84.6%) and 92.8% (95% CI 81.3%-100%), respectively.
Eleven studies, with 2092 wrists, used EDX as the reference standard. The pooled sensitivity and specificity using EDX as the reference standard were 80.2% (95% CI 71.3%-89.0%) and 78.7% (95% CI 66.4%-91.1%), respectively.
Discussion
The shortfalls of EDX in the confirmation of the diagnosis of CTS have led physicians to search for an alternative method to confirm the diagnosis. Ultrasonographic measurement of the median nerve at the inlet of the carpal tunnel has emerged as a viable alternative to EDX. Although ultrasound is unable to evaluate proximal etiologies of carpal tunnel-like symptoms, it does have the ability to detect other causes of compression in the carpal tunnel such as space-occupying lesions and tenosynovitis [18, 19, 26] . Although some studies have confirmed the utility of ultrasound in the diagnosis of CTS, their small sample size and the heterogeneity of study design has made it difficult to draw definitive conclusions regarding the sensitivity and specificity of ultrasonographic measurement of the median nerve in the diagnosis of CTS [17, 22, 24] . In this meta-analysis, we determined the sensitivity and specificity of ultrasound as a diagnostic tool for CTS. The analysis included a large number of wrists (3131) in the statistical analysis. This represents a sample size 30 times larger than included in the majority of studies included in the meta-analysis [1, 2, 4, 12, 14, 15, 17, 22-25, 27, 28, 30-32] and nearly four times larger than in the largest series [20] available.
Our meta-analysis is not without limitations. The first limitation is related to the heterogeneity of the studies regarding their cross-sectional area cutoffs, criteria for clinical diagnosis, and criteria for EDX diagnosis of CTS. The authors of these studies have selected arbitrary cutoff values for the cross-sectional area of the median nerve, using receiver operating curves (ROCs), to optimize the sensitivity and specificity of the test. Our meta-analysis of the published data allowed a pooled composite of multiple cutoff values. Second, an inherent weakness of the studies using clinical diagnosis as the reference standard is the use of asymptomatic control subjects. Patients without clinical signs and symptoms of CTS may still have inflammation and thickening of the median nerve (only 4% of asymptomatic patients will have abnormal ultrasound examinations), but the changes have not yet caused clinical symptoms and signs [19] . Studies using EDX as the gold standard have substantial false-positive and false-negative rates [4, 9, 10, 14, [22] [23] [24] . Third, the use of ROCs to determine optimal cutoff values for the diagnosis of CTS also clouds the interpretation of data. Some authors have chosen to optimize the sensitivity and specificity [4, 5, 30] . However, if one wishes to use ultrasound as a confirmatory test, specificity could be optimized at the expense of sensitivity. By choosing a higher cutoff value, false negatives can be eliminated and the surgeon can have the confirmatory test that the AAOS has recommended. Fourth, a funnel plot ( Fig. 4 ) of sensitivities indicated a trend in publication bias, with larger studies reporting higher sensitivities. The standard error for each study reflects the relative sample size and when plotted shows trends toward biased estimates. Usually larger studies have smaller standard errors. A sensitivity analysis was performed by stepwise removal of the two largest studies with recalculation of the composite sensitivity and specificity. Removal of these studies did not substantially alter the composite estimate of sensitivity and specificity.
Eleven studies used EDX as the reference standard to determine the presence of CTS, with sensitivity ranging from 57% to 94% and specificity ranging from 51% to 97%. Four of the 11 studies [2, 4, 30, 32] used a cutoff point of 9 mm 2 , reporting sensitivities of 80% to 90% and specificities of 51% to 97%. The largest study included in the meta-analysis, by Nakamichi and Tachibana [21] , reported on 822 wrists with a sensitivity of 57% and a specificity of 97% using a cutoff value of 13 mm 2 . The high specificity in their series shows the ability of ultrasound to rule in the diagnosis of CTS. Graham et al. [6, 7] and Keith et al. [11] also questioned the added value of EDX in patients with a high pretest likelihood of CTS. In patients with a pretest probability greater than 80%, EDX added little change of increasing the probability of diagnosis. This group of patients would be the perfect subset to undergo ultrasound diagnosis of CTS as a first-line test, rather than EDX.
Eight studies used a constellation of clinical findings as the reference standard to determine the presence of CTS [1, 5, 12, 14, [22] [23] [24] 27] . The sensitivity and specificity reported in these studies ranged from 62% to 98% and 63% to 100%, respectively. El Miedany et al. [5] , in a series of 254 wrists, used a cutoff value of 10 mm 2 to achieve a sensitivity of 98% and a specificity of 100%, the highest of any published series using clinical diagnosis as the reference standard. Kwon et al. [14] , in a series of 82 wrists, reported sensitivity and specificity of 66% and 63%, respectively, and concluded ultrasound was not accurate enough to replace EDX as the preferred diagnostic study for CTS. However, the authors admitted their criteria for positive clinical diagnosis of CTS may have been too strict, thus biasing their results toward cases of advanced CTS.
The wide variation of sensitivities and specificities reported in various studies in the literature has prevented meaningful analysis of ultrasound as a screening or confirmatory tool in the diagnosis of CTS. In this metaanalysis, we calculated the sensitivity and specificity of ultrasound in the diagnosis of CTS to be 77.6% and 86.8%, respectively. The sensitivity and specificity when using EDX as the gold standard are 80.2% and 78.7%, respectively. The sensitivity and specificity of ultrasound when using clinical diagnosis as the gold standard are 77% and 93%, respectively, and compare favorably with the EDX sensitivity and specificity defined by Graham (69% and 97%, respectively) [6] . Although ultrasound may not replace EDX as the most sensitive and specific test for the diagnosis of CTS given the values reported in this metaanalysis, it potentially can be an alternative to EDX as the first-line confirmatory test. Additional research is necessary to determine the role of ultrasound for patients with clinical symptoms of CTS, but who have negative EDX studies. 
